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A METHOD FOR ETCHING THE SURFACE OF A BIOACTIVE GLASS 

The invention relates to a method for etching the surface of a bioactive glass. 

BACKGROUND OF THE INVENTION AND THE STATE OF THE ART 

The publications to which reference is made and which are used for illustrating the 
5 background of the invention and the state of the art are to be deemed as being in- 
corporated into the description of the invention below. 

Biomaterials and their biologic attachment 

Bioactive glass bonding chemically with bone has already been investigated for 
more than ten years (Andersson, Karlsson 1988). 

10 Implants for both medical and dental purposes have long been prepared from a vari- 
ety of materials. Various metals, metal alloys, plastics, ceramic materials, glass ce- 
ramic materials, and the latest, i.e. bioactive glasses, differ from one another not 
only by their durability but also by the properties of the interface between the im- 
plant and the tissue. Inert materials, such as metals and plastics, do not react with a 

15 tissue, in which case there always remains an interface between the implant and the 
tissue; the implant and the tissue constitute two distinct systems. Bioactive materi- 
als, such as hydroxyapatite, glass ceramic materials and bioactive glasses, react 
chemically with the tissue, whereupon there forms at the interface between the im- 
plant and the tissue a chemical bond, which is relatively strong, especially with bio- 

20 active glasses. The implant and the tissue are thus fixed to each other. The speed of 
the healing of the tissue and the possible chemical bond with the implant depend on 
the tissue activity of the implant material used. 

International patent publication WO 96/21628, Brink et al, describes a group of 
bioactive glasses that can be processed easily. From such bioactive glasses it is pos- 

25 sible, for example to draw fibers and, for example by the torch spraying technique, 
to prepare so-called microspheres of glass. Porous bioactive pieces are prepared by 
sintering these microspheres together. By using microspheres that are within as nar- 
row a fraction as possible, the porosity of the body can be controlled. According to 
the literature it seems that the most advantageous particle size is within the fraction 

30 200-400 microns (Schepers, Ducheyne 1997, Tsuruga et al. 1997, Schliephake et al. 
1991, Higashi, Okamoto 1996). The studies carried out by the inventors so far have 
shown that porous bioactive implants prepared by sintering (sphere diameter 250- 
300 pm) have very strong new bone growth inducing action in the femur of a rabbit 
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(Ylanen et al. 1997). The shear strength of the bioactive implants in a push-out to 
failure test has, already after three weeks in vivo, been statistically as high as after 
12 weeks. The amount of bone inside the porous glass matrix has, after 12 weeks in 
vivo, been significantly higher than in a corresponding titanium implant. It is, how- 

5 ever, advisable to note that in a bioactive matrix porosity increases steadily as a 
function of time as the bioactive glass mass is replaced by new bone. Porosity in- 
creased in experiments in vivo from 30 % to 65 %. In a titanium matrix, of course, 
porosity does not change. Thus the amount of new bone inside bioactive implants is 
de facto almost double that inside titanium implants. In our opinion this shows that 

10 the porous implant type used by us is right. 

The beginning of new bone growth seems to be located in micro-cracks in the bio- 
active glass particles (Schepers, Ducheyne 1997). Evidently the calcium and phos- 
phate dissolving from the glass into thie fluid (in vitro SBF, in vivo intercellular 
fluid) surrounding the micro-crack rapidly form, together with the calcium and 

1 5 phosphate normally present in the fluid, so high a concentration that the solubility 
product of the ions concerned is exceeded. As a consequence of this, calcium phos- 
phate precipitates onto the silica gel on the surface of the bioactive glass and new 
bone growth begins. The porous body sintered from bioactive microspheres is full 
of microscopically small cavities. This explains the rapid bone growth inducing 

20 property of the bodies we sintered from bioactive microspheres. According to the 
literature, the proteins most effectively controlling bone growth attach to the surface 
of bioactive glass (Ohgushi et al. 1993, Vrouwenvelder et al. 1992, Lobel, Hench 
1998, Vrouwenveldere/fl/. 1993, Shimizu e/fl/. 1997, Miller e/ a/. 1991). 

It has been shown that not only the biomaterial itself but also the correct roughness 
25 of the microparticle surfaces has a favorable effect on the attachment of the said 
proteins to the biomaterial surface (Grossner-Schreiber, Tuan 1991, Boyan et al. 
1998). 

The literature defines micro-roughness as surface roughness of a magnitude of 
<50 \im (Wen et al. 1996). On titanium surfaces it has been observed that a rough- 

30 ness of a magnitude of 1 0-50 ^im has a favorable effect on the mechanical proper- 
ties of the bone-implant interface, such as transmission of loads, mechanical at- 
tachment (Ratner 1983, Baro et al. 1986,), whereas a roughness of a magnitude of 
10 nm -10 ^m has a favorable effect on the attachment of the implant to bone 
through a normal healing process (Kasemo 1983). The fact that this roughness is in 

35 the order of magnitude of cells and large biomolecules facilitates the adsorption of 
cells and biomolecules to the said surface. 
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It has been shown that with a rough surface a more rapid early adhesion of cells and 
biomaterials (Kasemo 1983) and a higher bone bonding strength (Buser et al. 1998) 
are achieved than with a smooth surface. Above all, a rough surface also provides a 
larger surface for the attachment of cells than does a smooth surface. 

5 An interesting observation was reported by Thomas et al. 1 985, who observed in a 
histological study that direct apposition of bone was achieved with a rough surface 
of a prosthesis, whereas on the interface between a smooth-surfaced prosthesis and 
bone there a thin connective tissue layer was observed (Thomas et al. 1985). Sev- 
eral studies corroborate that fibroblasts (cells forming connective tissue) attach 

10 more weakly to rough surfaces (Kononen et al. 1992), whereas osteoblasts (cells 
forming bone tissue) attach more effectively to rough surfaces than to smooth sur- 
faces (Michaels et al 1989, Bowers et al 1992). 

In an in vivo investigation, an approx. 50 % larger bone-implant contact surface was 
attained at 3 weeks with a sand-blasted and etched titanium surface ("micro- 
15 roughest") than with a rough titanium surface coated by the plasma blasting tech- 
nique (Buser 1998). 

On the basis of the literature it is thus conceivable that the most optimal way of 
achieving rapid and maximally complete new bone growth inside a porous biomate- 
rial is to use: 
20 - a bioactive glass as the material 

- a piece sintered from microparticles of 200-400 ^un (preferably hollow microparti- 
cles or microparticles provided with depressions or thoroughgoing holes) 

- totally etched microparticle surfaces. 

A piece such as this would be not only in the microsize (etching in the microparti- 
25 cles) but also in the macrosize (microparticles sintered together form a porous en- 
tity) full of independent islands favorable for new bone growth. Etching would fur- 
ther accelerate the beginning of reactions necessary for the formation of new bone. 

From a processable bioactive glass it is also possible to draw fibers, and from these 
fibers it is possible, potentially together with other fibers, to prepare a textile prod- 
30 uct, such as a felt, a fabric or a mat. The textile product can be used as an implant, 
for tissue control, as filler in bone cavities or soft tissue, etc. 
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Etching, i.e. rougliening, of a glass surface 

The glass phase can be examined as a three-dimensional network made up of Si04 
tetrads. There are positive ions (Na*, Ca^"", etc.) in the network of the glass struc- 
ture. In the etching or roughening of the glass surface, the ions of the solution 
5 and the positive ions of the glass are exchanged. 

A sufficient acid attack is ensured if the hydrogen ion concentration in the solution 
is maintained at a sufficiently high level. Hydrofluoric acid reacts with the SiOz in 
the glass surface and forms silicon fluorides. 

A mixture of hydrogen fluoride and a strong acid, such as sulfuric acid, is most 
10 commonly used for the etching of ordinary glass, i.e. window glass, and the pH of 
the etching process is very low, i.e. approx. 1. 

In the etching of a bioactive glass surface by conventional means, i.e. with a mix- 
ture of hydrogen fluoride and a strong acid, the pH being approx. 1, the result has 
been a unifoim gelling of the surface and not the desired point-like etching. This 
1 5 may be a result of the difference in the compositions of bioactive glass and ordinary 
glass. Ordinary glass differs in its composition from bioactive glass especially in 
that its Si02 content is typically above 60 %, whereas the Si02 content of bioactive 
glass is lower, i.e. clearly below 60 %. The CaO and MgO contents of bioactive 
glass, on the other hand, are higher than those of ordinary glass. 

20 No suitable method has so far been presented in the literature for the etching of a 
bioactive glass surface. 

OBJECT OF THE INVENTION AND SUMMARY OF THE INVENTION 

The object of the present invention is to provide an etching or roughening method 
suitable for the surface of bioactive glass. It is a particular object to provide a 
25 method as a consequence of which there is obtained in the surface a point-like etch- 
ing trace and not uniform etching or gelling of the surface. It is also an object to 
provide an etching method wherein the precipitation, on the glass surface, of poorly 
soluble compounds formed by the ions dissolved in consequence to the etching is 
prevented. 



30 



These objects are achieved by the method according to the invention, the character- 
istics of which are given in the claims. 
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The invention thus relates to a method for etching the surface of glass, wherein the 
glass surface is contacted with an acid fluoride solution. The method is character- 
ized in that the glass is a bioactive glass and that the solution contains a complexing 
agent fonning a complex with the ions dissolving from the glass. 

5 DETAILED DESCRIPTION OF THE INVENTION AND PREFERRED 
EMBODIMENTS 

By etching is meant in the present invention irregularities caused in a glass surface, 
the depth of the irregularities ranging from 10 nm to 50 (un, preferably within the 
region from 1 to 50 nm. 

1 0 In the context of the definition of the present invention, by bioactive glass is meant 
a glass which in physiological conditions dissolves at least partly in a few months, 
preferably within a few weeks, most preferably within approximately 6 weeks. The 
Si02 content of bioactive glass is below 60 %. 

The problem with many conventional bioactive glasses is that their processability is 
15 poor, since they tend to crystallize. It is not possible to manufacture spheres, fibers 
or other formed pieces from such bioactive glasses. 

International patent application WO 96/21628 describes bioactive glasses of a novel 
type, the working range of which is suitable for the processing of glass and from 
which it is thus possible to manufacture spheres, fibers or other formed pieces, such 
20 as cylinders. The bioactive glasses described in this publication are also especially 
good for the reason that the processability of the glass has been achieved without 
the adding of aluminum oxide. Such glasses typically have the following composi- 
tion: 

Si02 53 - 60 % by weight 

25 NaiO 0-34 % by weight 

K2O 1 - 20 % by weight 

MgO 0 - 5 % by weight 

CaO 5-25 % by weight 

B2O3 0-4% by weight 

30 P2O5 0.5 - 6 % by weight 

However so that 

Na20 + K2O = 16 - 35 % by weight 
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K2O + MgO = 5-20 % by weight and 
MgO + CaO =10-25 % by weight. 

According to an especially preferred embodiment, the bioactive glass spheres, fibers 
or other pieces are made from a bioactive glass the composition of which is NaaO 
5 6 % by weight, K2O 12 % by weight, MgO 5 % by weight, CaO 20 % by weight, 
P2O5 4 % by weight and SiOi 53 % by weight. 

Other especially suitable glass compositions include NajO 6 % by weight, K2O 
1 1 % by weight, MgO 5 % by weight, CaO 22 % by weight, P2O5 2 % by weight, 
Si02 53 % by weight and B2O3 1 % by weight, as well as NazO 4 % by weight, K2O 
10 9 % by weight, MgO 5 % by weight, CaO 22 % by weight, P2O5 4 % by weight, 
Si02 55 % by weight and B2O3 1 % by weight. 

The acid fluoride solution suitable for the etching method according to the invention 
has a considerably high concentration of fluoride ions. This is achieved by using a 
fluoride compound having as high a water-solubility as possible. A good example to 
15 be mentioned is saturated aqueous solution of ammonium fluoride, having an am- 
monium fluoride concentration of approx. 27 M. 

It has proven to be important in the etching of the surface of a bioactive glass that 
the acidity of the solution should not be too strong. Too low a pH causes uniform 
dissolving and gelling of the surface. A suitable pH is vsdthin the range 1.5-5, 

20 preferably 2 - 5. For this reason, acids too strong are to be avoided. One example of 
a highly suitable acid is citric acid. Citric acid is a quadribasic acid H4L, the first 
ligand HsL' of which is prevalent within the pH range 3.1 - 4.7. In addition to citric 
acid providing a suitable pH level, there is a considerable advantage also in that the 
said ligand is capable of binding ions, in particular calcium ions, released from the 

25 glass surface and to form a water-soluble complex with them. As a result of this, the 
formation and precipitation on the glass surface of insoluble calcium compounds (in 
particular calcium fluoride and calcium phosphates) is prevented. 

The chemical processes possibly occurring in the etching are depicted in the dia- 
gram. Owing to the hydrogen ions, silicon dissolves from the surface of the bioac- 
30 tive glass sphere. Silicon ions together with the fluoride ions form a water-soluble 
compound SiFt^'. Calcium ions are also released, and they can form a water-soluble 
complex together with the citric acid ligand H3L*. This prevents the formation of 
poorly soluble Ca compounds and their precipitation on the surface of the etched 
glass. Such poorly soluble Ca compounds include Ca phosphate and CaF2. 
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The anion of the acid used in the etching need not necessarily at the same time act 
as a complexing agent. It is also conceivable that the complexing agent is added as a 
separate component. 

If the roughening or etching solution is based on ammonium fluoride and citric acid, 
5 the etching solution contains citric acid suitably 5-80 % by volume. The concen- 
tration of the citric acid used for the preparation of the etching solution is either a 
saturated solution, i.e. 8.5 M (163 g of citric acid/100 ml of water), or more dilute. 
The ammonium fluoride solution used for the etching solution is either a saturated 
solution (27 M; 100 g/100 ml of water) or more dilute. 

10 The time required for the etching depends, among other things, on the concentration 
of the etching solution, the temperature, the composition of the glass, etc., and 
ranges from a few seconds to up to several hours. 

According to a preferred embodiment, spheres or other pieces, such as cylinders, are 
formed from the bioactive glass. These bioactive particles are sintered together, ei- 

1 5 ther as such or possibly with other, weakly bioactive or non-bioactive particles to 
form a porous composite. A weakly bioactive or non-bioactive glass is one that does 
not dissolve in physiological conditions within the first months. The preferable di- 
ameter of the particles is approx. 200 - 400 jmi. Preferably, the composite is a piece 
sintered from hollow particles or from particles provided with depressions or 

20 throughgoing holes. One suitable particle size that can be mentioned is a glass cyl- 
inder, which can be made, for example, by drawing from a bioactive glass a thin 
capillary tube, which is cut into short pieces by means of, for example, a carbonic 
acid laser. In connection with the cutting, the capillary tube may become blocked at 
one end or both ends, whereby a piece provided with a depression or a hollow piece 

25 is formed. If the capillary tube is not blocked, a piece provided with a thoroughgo- 
ing hole is obtained. This sintered composite is contacted with the etching solution, 
whereby a particle surface etched throughout is obtained. 

A piece such as this is not only in the microsize (etching on the particle surfaces) 
but also in the macrosize (microparticles sintered together form a porous entity) full 
30 of independent islands favorable for new bone growth. Etching fiirther speeds up 
the beginning of reactions necessary for the formation of new bone. 

From a processable bioactive glass it is also possible to draw fibers, and from these 
fibers, possibly together with other fibers, it is possible to produce a textile product, 
such as a felt, fabric or mat. The textile product can be used as an implant, for tissue 
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control, as a filler material in bone cavities or soft tissue, etc. This textile product is 
contacted with an etching solution, whereby fiber surfaces etched throughout are 
obtained. The etching of the fiber surfaces provides advantageous results corre- 
sponding to those achieved through the etching of particle surfaces. 

5 According to one embodiment there is formed on the surfaces of particles or fibers 
one or several bioactive layers made up of, for example, silica gel and/or hydroxy- 
apatite. Although it is possible to form such bioactive layers on the surfaces of 
smooth particles or fibers it is, however, advantageous first to etch the particle or fi- 
ber surfaces. Such pre-corrosion, i.e. forming of a bioactive layer, can be achieved 

10 by means of, for example, simulated body fluid (SBF) or some organic or inorganic 
solvent. 

The method for etching a bioactive glass surface will be described in greater detail 
with the help of the following example. 

EXAMPLE 

1 5 Porous glass cones A, B and C (length 5 mm, diameters 3 mm and 3.2 mm) were 
made by sintering together glass spheres having diameters of 250. . .315 ^m. Three 
different bioactive glasses 13-93 (Cone A), 3-98 (Cone B) and 1-98 (Cone C) were 
used. The compositions of the different bioactive glasses are 

13-93: Na20 6 % by weight, K2O 12 % by weight, MgO 5 % by weight, CaO 20 % 
20 by weight, P2O5 4 % by weight, and Si02 53 % by weight; 

3-98: Na20 4 % by weight, K2O 9 % by weight, MgO 5 % by weight, CaO 22 % by 
weight, P2O5 4 % by weight, Si02 55 % by weight, and B2O3 1 % by weight; and 

1-98: Na20 6 % by weight, K2O 1 1 % by weight, MgO 5 % by weight, CaO 22 % 
by weight, P2O5 2 % by weight, Si02 53 % by weight, and B2O3 1 % by weight. 

25 The glass cones were immersed in a roughening or etching solution containing am- 
monium fluoride and citric acid. Aqueous solutions of ammonium fluoride (22 M) 
and citric acid (8.5 M) were prepared separately, whereafter they were combined, 
undiluted, at the ratio 

Ammonium fluoride solution : citric acid solution = 1:3 
30 The etching periods were: Cone A 15 min. Cone B 20 min, and Cone C 2 min. 
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The etching was discontinued by immersing the cones in distilled water, whereby 
the etching solution was removed by rinsing from the glass surface. Thereafter the 
water (corroding the glass surface) was removed by immersing the cones in ethanol. 

Any salt deposits were removed from the glass surface by an ultrasound wash by 
5 immersing the cones in a 1 .2 M hydrochloric acid. The treatment periods were: 
Cone A 35 s, Cone B 55 s, and Cone C 20 s. The hydrochloric acid wash was dis- 
continued by immersing the cones in distilled water, and the water was removed by 
immersing than in ethanol. 

Figure 1 shows an atomic force micrograph (AFM, Atomic Force Microscopy) of 
10 the surface of Cone A after the etching. Figure 2 shows a corresponding micrograph 
of the surface of Cone A before the etching (control). 

The above-mentioned embodiments of the invention are only examples of the im- 
plementation of the idea according to the invention. For a person skilled in the art it 
is clear that the various embodiments of the invention may vary within the scope of 
1 5 the claims presented below. 
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CLAIMS 

1 . A method for etching the surface of glass, wherein the glass surface is con- 
tacted with an acid fluoride solution, characterized in that the glass is a bioactive 
glass and that the solution contains a complexing agent which forms a complex with 

5 the ions dissolving from the glass, and that the pH of the solution is within the range 
1.5-5. 

2. The method according to claim 1 , characterized in that the pH of the solu- 
tion is within the range 2-5. 

3. The method according to claim 1 or 2, characterized in that the desired 
10 acidity of the solution is achieved witfi an acid which at the same time serves as a 

complexing agent. 

4. The method according to claim 3, characterized in that the acid is citric 
acid. 

5. The method according to any of claims 1 - 4, characterized in that the bio- 
15 active glass is easily processable, and that fibers, spheres, cylinders, or pieces 

coated with the said glass, or other objects are made from the said bioactive glass. 

6. The method according to claim 5, characterized in that the composition of 
the bioactive glass is 

Si02 53 - 60 % by weight 

20 NaiO 0-34 % by weight 

K2O 1 - 20 % by weight 

MgO 0 - 5 % by weight 

CaO 5-25 % by weight 

B2O3 0 - 4 % by weight 

25 P2O5 0.5 - 6 % by weight 

however so that 

Na20 + K2O = 16 - 35 % by weight 
K2O + MgO =5-20 % by weight, and 
MgO + CaO =10-25 % by weight. 

30 7. The method according to claim 6, characterized in that the composition of 
the bioactive glass is 
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NajO 6 % by weight, K2O 12 % by weight, MgO 5 % by weight, CaO 20 % by 
weight, P2O5 4 % by weight and SiOi 53 % by weight, or 

NazO 6 % by weight, K2O 1 1 % by weight, MgO 5 % by weight, CaO 22 % by 
weight, P2O5 2 % by weight, Si02 53 % by weight and B2O3 1 % by weight, or 

5 Na20 4 % by weight, K2O 9 % by weight, MgO 5 % by weight, CaO 22 % by 
weight, P2O5 4 % by weight, Si02 55 % by weight, and B2O3 1 % by weight. 

8. The method according to claim 5, 6 or 7, characterized in that the bioactive 
glass spheres or cylinders are sintered together, possibly together with non- 
bioactive or weakly bioactive glass spheres or cylinders, to form a porous compos- 

10 ite, which is contacted with the etching solution. 

9. The method according to claim 5, 6 or 7, characterized in that from the bioac- 
tive fibers, possibly together with weakly bioactive glass fibers, there is formed a 
porous textile product, which is contacted with the etching solution. 

10. The method according to any of the preceding claims, characterized in that a 
1 5 bioactive calcium phosphate layer is formed on the etched glass surface. 
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